Carbon isotopic ratios are estimated in 48 M dwarfs based on the medium resolution near infrared spectra (λ/∆ λ ≈ 20000) of 13 CO (3,1) band. We find clear evidence for the presence of a 13 CO feature for the first time in the spectra of M dwarfs. Spectral resolution of our observed data, however, is not high enough to analyze the 13 CO feature directly. Instead, we compare observed spectrum with synthetic spectra assuming 12 C/ 13 C = 10, 25, 50, 100, and 200 for each of 48 M dwarfs and estimate the best possible 12 C/ 13 C ratio by the chi-square analysis. The resulting 12 C/ 13 C ratios in M dwarfs distribute from 39 to a lower limit of 200. The mean value of 31 M dwarfs for which 12 C/ 13 C ratios are determined (i.e., excluding those with the lower limit only) is ( 12 C/ 13 C) dM = 87 ± 21 (p.e.), and that of 48 M dwarfs including those with the lower limit of 200 is ( 12 C/ 13 C) dM > 127 ± 41 (p.e.). These results are somewhat larger than the 12 C/ 13 C ratio of the present interstellar matter (ISM) determined from the molecular lines observed in the millimeter and optical wavelength regions. Since the amount of 13 C in the ISM has increased with time due to mass-loss from evolved stars, the 12 C/ 13 C ratios in M dwarfs, reflecting those of the past ISM, should be larger than those of the present ISM. In M dwarfs, log 13 C/ 12 C plotted against log A C shows a large scatter without clear dependence on the metallicity. This result shows a marked contrast to log 16 O/ 12 C (= log A O /A C ) plotted against log A C , which shows a rather tight correlation with a larger value at the lower metallicity. Such a contrast can be a natural consequence that 16 O and 12 C are the primary products in the stellar nuclear synthesis while 13 C is the secondary product, at least partly.
Introduction
Besides the elemental abundances, isotopic ratios in stars and interstellar matter (ISM) provide important clues on stellar evolution and Galactic chemical evolution. However, isotopic effects are prominent only in molecular spectra but not in atomic spectra. For this reason, isotopic analysis has mostly been done on molecular spectra observed in cool celestial objects such as cool stars and the ISM. Because of this limitation, our knowledge on the isotopic abundances in the Universe has been rather poor compared to that on the elemental abundances. On the other hand, spectroscopic analyses of the isotopic ratios are somewhat simpler, compared to those of the elemental abundances, in that the isotopic ratios are relatively insensitive to the physical condition of the environments where spectral lines are formed. For this reason, isotopic analyses have extensively been done on the spectra of cool stars since the middle of the 20-th century even when analyses on the elemental abundances were more difficult.
For example, initial attempt to determine the 12 C/ 13 C ratio in cool giant stars has been done by Greene (1969) , who showed that the 12 C/ 13 C ratio in red giant stars is decreased compared to the solar system value of 89.9 (Anders & Grevesse 1989) . Then, extensive analyses on the 12 C/ 13 C ratio in G and K giant stars have been done with the use of photoelectric scans of the CN red system (Day et al. 1973; Tomkin & Lambert 1974; Tomkin et al. 1975; Dearborn et al. 1975) . The results confirmed that the products of the CNO cycle are dredged-up in the red giant phase, but the resulting 12 C/ 13 C ratios appeared to be too small compared with the theoretical predictions (e.g., Dearborn et al. 1976) . Studies on the 12 C/ 13 C ratio were extended to red supergiants and to AGB stars with the use of the high resolution FTS spectra (Smith & Lambert 1986 , 1990 Tsuji 2008) . The results on oxygen-rich giants, supergiants, and AGB stars revealed that these stars contribute to lower the 12 C/ 13 C ratio in the ISM by their mass-loss.
Historically, it was on carbon stars that studies on carbon isotopes in stellar spectra have initiated: It was nearly a century ago when 13 C bearing molecules were identified by the C 2 Swan bands, first as 12 C 13 C (Sanford 1929 ) and next as 13 C 13 C (Menzel 1930) in carbon stars (also referred to as R and N type stars). Initial works suggested that the 12 C/ 13 C ratios in most carbon stars are in the range of 2 -20, except for a few exceptional case (McKellar 1960 and references cited therein) . This result suggested that the 12 C/ 13 C ratios in carbon stars may be [Vol. , related to the equilibrium value of the 12 C/ 13 C ratio in the CN cycle. However, since the 12 C 12 C Swan bands in carbon stars are very strong and heavily saturated while the 12 C 13 C Swan bands less saturated, the intensity ratio of 12 C 12 C/ 12 C 13 C should apparently be small leading to a low 12 C/ 13 C ratio. For this reason, the very low 12 C/ 13 C ratios found in carbon stars can be due to imperfect correction for the saturation effect, and a possibility that 12 C/ 13 C ≈ 100 was suggested for some cool carbon stars (e.g., Fujita & Tsuji 1977) . Since then, many works on the 12 C/ 13 C ratio have been carried out for a large sample of carbon stars: Lambert et al. (1986) determined the 12 C/ 13 C ratios in dozens of N type stars through the analysis of the high resolution FTS spectra of the CN red system, CO first and second overtones, and showed that the 12 C/ 13 C ratios in cool carbon stars extend to as large as the solar system value. Determinations of the 12 C/ 13 C ratios were extended through the analysis of the CN red system to 62 N type stars by Ohnaka & Tsuji (1996) and to 44 carbon stars by Abia & Isern (1997) . The results on carbon-rich AGB stars revealed that the 12 C/ 13 C ratios in these stars are generally larger than in oxygen-rich AGB stars and these stars contribute to increase the 12 C/ 13 C ratio in the ISM by their mass-loss.
In contrast, isotopic analyses on cool dwarfs are quite limited, even though extensive analyses on elemental abundances in late-type dwarfs have been done (e.g., Edvardsson et al. 1993) . It is true that molecular lines are not so strong in F and G dwarfs. However, the major reasons for this contrast between high and low luminosity stars may be that the high resolution spectroscopy needed to isolate faint isotopic features could be applied more easily to bright high luminous stars on one hand and also some isotopic features appeared to be enhanced in high luminous cool stars due to the evolutionary effects in the stars themselves.
In M dwarfs, determinations of the elemental abundances have also been difficult, but we have shown recently that the carbon and oxygen abundances in M dwarfs could be determined rather accurately by the use of the near infrared spectra of CO and H 2 O, respectively (Tsuji & Nakajima 2014 , Tsuji et al. 2015 , Tsuji & Nakajima 2016 . This has been made possible by several reasons: First, the well known difficulty of the continuum in cool stars has been overcome in doing spectroscopic analysis by referring to the pseudo-continuum, which can be evaluated accurately with the use of the recent molecular line-list including many weak lines of H 2 O (e.g., Barber et al. 2006; Rothman et al. 2010) . Then, spectroscopic analysis can be done essentially the way as referring to the true-continuum, so long as the pseudo-continua can be defined consistently in the observed and predicted spectra. Second, given that carbon and oxygen abundances are determined from stable molecules such as CO and H 2 O, respectively, the problem of photospheric model should not be so serious. This is because CO consumes most of carbon and H 2 O most of oxygen left after CO formation, and CO abundance is almost identical with that of C and H 2 O abundance with that of O−C in M dwarfs. For this reason, CO and H 2 O abundances are insensitive to the uncertainties of the photospheric structures 1 , and carbon and oxygen abundances could be determined rather well despite the use of model photospheres which anyhow cannot be very accurate (as for further details, see e.g., Paper II).
Given that the elemental abundances of at least some elements were well determined in M dwarfs, a further important possibility in M dwarfs is that the isotopic ratios can also be determined from the molecular spectra, at the same time as the elemental abundances in the same object. In the near infrared spectra of M dwarfs, not only 12 C 16 O but also 13 C 16 O bands are observed, and the 12 C/ 13 C ratios can be discussed. A problem is that the spectral resolution of our spectra is about λ/∆λ ≈ 20000 or the velocity resolution is about 16 km s −1 . This resolution barely made it possible to measure equivalent widths and hence to determine the elemental abundances of carbon and oxygen (Papers I, II, and III). However, this resolution is not high enough to measure line profiles accurately and hence to analyze faint isotopic features. For this reason, our analysis on the carbon isotopic ratios is necessarily preliminary. Even with this limitation, however, we hope that we can discuss the elemental and isotopic abundances of carbon simultaneously in a large sample of M dwarfs for the first time.
In this paper, we first summarize the known data on our program stars from Papers I, II, and III in section 2. We then investigate how to estimate the 12 C/ 13 C ratios from the spectra of 13 CO in section 3. The resulting 12 C/ 13 C ratios, with assessments of the accuracy, are given in section 4. The resulting carbon isotopic ratios in M dwarfs are discussed in comparisons with those of the ISM in section 5.
Preparatory data for isotopic analysis

Observed data
We use the observed data introduced in Paper I (see its Table 1) and III (its Table 1 ), in which we analyzed 12 C 16 O and H 2 O lines. In this paper, we focus our attention to 13 C 16 O features recorded on the 24-th order (23437 -23997Å) of the echelle spectra observed with the Infrared Camera and Spectrograph (IRCS: Kobayashi et al. 2000) of the Subaru Telescope. The resolution λ/∆ λ is about 20000 or the velocity resolution is about 16 km s −1 . In our observations, the targets were nodded along the slit, and observations were taken in an ABBA sequence, where A and B stand for the first and second positions on the slit (Paper I). For estimating the signal to noise (S/N) ratio, the noise level is estimated from the difference of the spectra observed at A and B positions. The resulting S/N ratio is given in the last column of Table 3 for each object, and the S/N ratios are mostly between about 50 and 150.
Stellar data
Our program stars consist of M dwarfs studied so far by us: We first determined the fundamental parameters such as T eff and log g, prepared model photospheres, and determined carbon abundances based on the 12 C 16 O lines for 42 M dwarfs (Paper I). For 38 objects in these 42 M dwarfs, we also determined oxygen abundances from H 2 O lines (Paper II). We then studied additional eight late M dwarfs (Paper III). As a result, we determined carbon and oxygen abundances in 38 + 8 = 46 M dwarfs.
We did not determine oxygen abundances in four early M dwarfs in which H 2 O lines were too weak (Paper II). However, we estimate oxygen abundances in these four M dwarfs with the use of log A O /A C -log A C 2 relation based on 46 M dwarfs for which carbon and oxygen abundances were determined as noted above. A least square fit to log A O /A C (data reproduced in eighth column of Table 1 and plotted in Fig. 6b ) is
from which we estimate log A O /A C and then log A O by the use of the known log A C . We include these four early M dwarfs with the estimated oxygen abundances in our analysis of the carbon isotopic ratio based on CO spectra in this paper. We think that the use of the estimated oxygen abundance can be acceptable, since CO spectra depend primarily on carbon abundance and effect of oxygen abundance is rather minor. From the 38 M dwarfs for which C and O abundances were determined, we exclude one object GJ 686 whose spectrum is disturbed by unknown noise. Also, we could not include 2MASSI J1835379+325954 in our sample of eight late M dwarfs, since this object is a rapid rotator (Paper III) and isotopic features are completely smeared out. As a result, we have 37 + 7 + 4 = 48 objects for our analysis of the carbon isotopic ratios in this paper.
For 50 M dwarfs we have analyzed through Papers I to III, object, spectral type, T eff , and log g are given through first to fourth column in Table 1 , and log A C , log A O (including the oxygen abundances estimated with the use of equation 1), and log A O /A C through sixth to eighth column.
Model photospheres
We apply dust-free model photospheres of C series included as a subset of our unified cloudy models (UCMs) for cool dwarfs (Tsuji 2002 ) throughout this paper. Although we have prepared a grid of model photospheres 3 ,
we generated a specified model for each object based on T eff and log g given in third and fourth columns of Guelachivili et al. (1983) , and apply the same intensity data as for 12 C 16 O (Chackerian & Tipping 1983) . As for spectroscopic data of H 2 O, we continue to apply BT2-HITEMP2010 database (Barber et al. 2006; Rothman et al. 2010) as in Papers I -III.
The BT2-HITEMP2010 line list is largely based on the computed water line list, and its accuracy has been confirmed by extensive testings against astronomical and laboratory data by Barber et al. (2006) . We also compare the line list with the observed water lines in sunspot spectra in the spectral region we are to work. For this purpose, we use the Sunspot Umbral Spectrum (Wallace & Livingston 1992) recorded with resolution as high as R ≈ 180000 (FWHM ≈ 0.024 cm −1 ). We find 14 undisturbed water lines between 4200 and 4240 cm −1 (or between 23585 and 23810Å) in the atlas and measured their line positions as given in the second column of Table  2 . For comparison, the line positions from the BT2-HITEMP2010 database are given in third column. Since we are using wavelength unit throughout this paper, these values are converted to the wavelength unit (inÅ in vacuum) and given in fourth and fifth columns. The difference of the two is given in sixth column for each line. (The upper and lower levels of the transition are given after seventh column.) Although the differences are biased towards negative, the differences themselves are rather small, less than 0.060Å. On the other hand, the resolution of our M dwarf spectra is FWHM ≈ 16 km s −1 or about 1.25Å. Hence the accuracy of the computed water line list is sufficient for our purpose. We again admire that the computed line positions of water lines can be predicted with such an accuracy.
The (2,0), (3,1), and (4, 16 O (2,0) and (3,1) bandhead regions are well covered by our observed spectra. However, the (2,0) bandhead region is blended with Ti I line at 23447.87Å (a 3 G 4 -z 3 F 0 3 ), and this atomic line is pretty disturbing especially in early M dwarfs. The (4,2) bandhead region of 13 C 16 O is not covered by our observed spectra. Then, we decide to use the (3,1) bandhead region for our analysis of 13 C 16 O. Predicted spectra of the 13 C 16 O (3,1) bandhead region (23735 -23755Å) for the 13 C abundances of 1% and 10% of 12 C (or 12 C/ 13 C = 100 and 10, respectively) are shown at the top panel of Fig. 1 (Fig. 1a) . For this purpose, we apply carbon and oxygen abundances together with model photosphere Ca3570c489 for GJ 15A, as an example (see Table 1 ). The spectra are first evaluated with a sampling interval of 0.02A and then the results are convolved with the slit function (Gaussian) of FWHM = 16 km s −1 . The micro-turbulent velocity is assumed to be 1 km s −1 throughout this paper. For comparison, a predicted spectrum of 12 C 16 O is shown in the second panel of Fig. 1  (Fig. 1b) . The bandhead region of 13 C 16 O is well separated from the strong 12 C 16 O lines. A predicted spectrum of H 2 O in the same region is evaluated with the use of the BT2-HITEMP2010 line-list (Barber et al. 2006; Rothman et al. 2010 ) and shown in the third panel of Fig. 1 (Fig. 1c) .
Composite spectra of 13 C 16 O, 12 C 16 O, and H 2 O for 12 C/ 13 C = 100 and 10 are shown in the bottom panel of Fig. 1 (Fig. 1d) O lines, and cannot be useful for our purpose. As for comparison with the observed spectrum of GJ 15A, see Fig. 2b .
Analysis on carbon isotopic ratios
With our medium resolution spectra, it appears to be rather difficult to determine 12 C/ 13 C by a visual comparison of the observed and predicted spectra. Instead, we apply chi-square (χ 2 ) analysis to judge goodness of the fits between the observed and predicted spectra. For this purpose, we prepare predicted spectra assuming 12 C/ 13 C = 10, 25, 50, 100, and 200 for the bandhead region of 13 C 16 O (3,1) band with the physical parameters and abundances summarized in Table 1 . The χ 2 r value for the fitting of the observed spectrum and predicted one for an assumed values of 12 C/ 13 C is evaluated from
where f i obs and f i cal ( 12 C/ 13 C) are observed and predicted (for a given 12 C/ 13 C value) spectra normalized by their pseudo-continua, respectively, and N is the number of data points. Also, σ i is the noise level assumed to be constant at 0.01 of the continuum level throughout 5 . Then the resulting χ 2 r values are on relative scale, which is sufficient for our purpose to find a best 12 C/ 13 C value by the minimization of the χ 2 r values for each object. We apply the method outlined above to the observed spectra of 48 M dwarfs listed in Table 3 . Some examples are shown Figs. 2a-l, where filled circles are observed spectra and solid lines are predicted ones for 12 C/ 13 C = 10, 25, 50, 100, and 200 (from bottom to top in this order). In Figs. 2a-l, the resulting 12 C/ 13 C value (to be discussed below) is given at the upper left corner of each panel, following the object's name and its spectral type.
We first notice in Figs.2a-l that feature D in observed spectra of many objects show a concavity, and this should be due to the We then proceed to the χ 2 analysis to find a best fit between the observed and predicted spectra. The resulting χ 2 r values for the comparisons of the observed spectrum and predicted spectra for five assumed values of 12 C/ 13 C = 10, 25, 50, 100, and 200 are given through second to sixth column of Table 3 for each of our 48 program stars. Then the minimization of χ 2 r is done by fitting a parabola that passes through three points near the possible minimum on log 12 C/ 13 C -χ 2 r plane for each object.
5 The noise levels estimated from the S/N ratios given in the ninth column of Table 3 are about 0.007 -0.02. We use a median value of 0.01 for all the objects for simplicity, since this value has no effect for the minimization of χ 2 r values in each object.
Some examples are shown in Fig. 3 for the cases of GJ 876 ( 12 C/ 13 C = 39), 849 ( 12 C/ 13 C = 67), 212 ( 12 C/ 13 C = 134), and 526 ( 12 C/ 13 C >200), and the resulting 12 C/ 13 C value corresponding to the minimum of χ 2 r for each objects is given in seventh column of Table 3 . Also, the corresponding value of log 13 C/ 12 C = −log 12 C/ 13 C is given in eighth column of Table 3 for each object.
From Table 3 , we know that some objects show rather low 12 C/ 13 C values (i.e., 13 C rich) and values of 12 C/ 13 C are found to be 39, 44, and 49 in GJ 876, 15A, and 179, respectively. These are the most 13 C rich cases in our sample, and we could not find more 13 C rich cases such as found in some evolved high luminous cool stars. Inspection of Figs. 2a-c reveals that feature D clearly shows the concavity and we are convinced 13 C rich nature of these objects. Overall fits such as in features B and C between observed and predicted spectra also appear reasonable for the case of 12 C/ 13 C≈ 50 in Figs. 2a-c (remember that the predicted spectra shown by the solid lines are assuming 12 C/ 13 C = 10, 25, 50, 100, and 200 from bottom to top in each panel).
The χ 2 analysis for GJ 324B suggests 12 C/ 13 C = 56, and features B and D are roughly consistent with this result on Fig. 2d . However, feature C appears to suggest 12 C/ 13 C≈ 25. But feature C is badly disturbed by H 2 O lines and such inconsistency may be fatal for the medium resolution spectra we are using. The χ 2 analysis on GJ 849 suggests 12 C/ 13 C = 67, and overall fits are roughly consistent with this result on Fig. 2e . Although the χ 2 analysis for GJ 231.1B suggests 12 C/ 13 C = 70 (about the same as for GJ 849), it is more difficult to confirm the overall fits on Fig. 2f . Even though the spectral types of GJ 849 and GJ 231.1B are the same, GJ 849 is hotter by about 100 K and more carbon rich compared with GJ 231.1B (see Table 1 ). For this reason, H 2 O lines are weaker and CO lines are stronger in GJ 849 than in GJ 231.1B, making it easier to investigate isotopic effect on CO spectra in GJ 849.
We find 12 C/ 13 C values to be 80, 90, and 117 in GJ 229, HIP 79431 and GJ 649, respectively, from the χ 2 analysis. Inspection of Figs. 2g-f reveals that feature D in all these three cases clearly shows the concavity and the presence of 13 C 16 O in these objects are well demonstrated even for the rather large 12 C/ 13 C values (i.e., low 13 C abundances). However, to see the overall fits in features B, C, and D are more difficult since the effect of 12 C/ 13 C on the predicted spectra tends to be minor for large 12 C/ 13 C values. We must recognize that it is increasingly difficult to find the best fit by the visual comparison of the observed and predicted spectra and, for this reason, we adopt the χ 2 analysis which is more robust for our purpose. Such a difficulty in the cases of large 12 C/ 13 C values is more severe in GJ 212 for which the χ 2 analysis suggests 12 C/ 13 C = 134, but it is difficult to confirm this result by the visual inspection of Fig. 2j in which predicted spectra for 12 C/ 13 C = 100 and 200 differ very little. For GJ 205 shown in Fig. 2k , the χ 2 analysis suggests 12 C/ 13 C = 140. Even for such a high value of 12 C/ 13 C, feature D clearly shows the concavity and hence presence of 13 C 16 O.
Although this object is classified as dM3, this does not necessarily imply low temperature but this should largely be due to the high metallicity of this object as noted in Paper I. In fact, this object is the most carbon and oxygen rich in our sample (see Table 1 r should provide the best fit. We must, however, keep in mind that the resolution of our spectra is by no means sufficient for our analysis outlined in this section. For this reason, our result is only very preliminary and we hope that the problem of the carbon isotopic ratios in M dwarfs will be pursued further by higher resolution spectroscopy in the future.
---------- 
A binary test
Our sample includes three binary pairs, GJ 338A and 338B, GJ 725A and 725B, and GJ 797B-NE and 797B-SW. Since abundances including isotopic ratios may not be different for the objects in a binary pair 6 , we hope that an assessment of accuracy of our result can be obtained by comparing the results in these binary pairs.
The results of the χ 2 analysis reveal that 12 C/ 13 C = 105 and 12 C/ 13 C > 200 for GJ 338A and 338B, respectively (see Table 3 ). Comparisons of the observed and predicted spectra are shown in Figs.4a and 4b for GJ 338A and 338B, respectively. The results shown in Figs. 4a-b are not much different. But observed and predicted spectra in feature C show some differences in GJ 338A and in [Vol. , GJ 338B, and such a difference may be an origin of the different results on 12 C/ 13 C by the χ 2 analysis. However, the predicted spectra for 12 C/ 13 C = 100 and 200 are almost indistinguishable in feature C and it should be difficult to decide which of these 12 C/ 13 C values should apply to these M dwarfs. Thus, we must accept uncertainty of about a factor of two in our χ 2 analysis if 12 C/ 13 C > 100. The results of the χ 2 analysis reveal that 12 C/ 13 C > 200 and 12 C/ 13 C = 135 for GJ 725A and 725B, respectively. Comparisons of the observed and predicted spectra are shown in Figs.4c and 4d for GJ 725A and 725B, respectively. Again, the results for the two objects are not much different, and to decide which of 12 C/ 13 C ≈ 100 or 200 should apply to each of these objects appears to be difficult, since the predicted spectra for 12 C/ 13 C = 100 and 200 differ little. However, our result of the χ 2 analysis, which is a kind of statistical analysis, suggests 12 C/ 13 C > 100 both for GJ 725A and 725B, and we again find consistency within about a factor of two in our analysis.
The results of the χ 2 analysis reveal that 12 C/ 13 C = 116 and 12 C/ 13 C = 93 for GJ 797B-NE and 797B-SW, respectively. Direct comparisons of the observed and predicted spectra are shown in Figs. 4e and 4f for GJ 797B-NE and 797B-SW, respectively. In this case, the χ 2 method gives the results that agree rather well for this binary pair. Although different features (e.g., B, C, and D) in Fig. 4e and 4f do not necessarily indicate the same 12 C/ 13 C values by visual comparisons, the χ 2 values in Table 3 show the integrated effect of χ 2 values for different features such as B, C, D and E. For this reason, our χ 2 r values in Table 3 can be a measure of overall fits, and our χ 2 analyses for GJ 797B-NE and 797B-SW show reasonable consistency in the overall fits if not in individual features.
The above results imply that it is difficult to determine 12 C/ 13 C value when it is as large as 200, and if the result of the χ 2 analysis reveals such a result as 12 C/ 13 C > 200, it is still possible that actual 12 C/ 13 C may be as low as 100 (e.g., GJ 338B and GJ 725A). Certainly, it is natural that our χ 2 analysis does not work for such small difference which our observed data could not resolve. However, if 12 C/ 13 C ≈ 100, our binary test suggests that the results agree rather well as in the case of GJ 797B. Although our sample of binary pairs is not large enough, we regard our result of 12 C/ 13 C > 100 to be uncertain by about a factor of two but should be better in the case of 12 C/ 13 C < ∼ 100. ---------- Fig. 4 : p.13 ----------
Further test on the accuracy
Unfortunately, our sample of binary is limited to three pairs and to the cases of rather high 12 C/ 13 C ratios. To extend the similar test to other cases, we use the spectra recorded at A and B positions on slit alternatively during the observation. The resulting spectra are co-added at the end and used for our analysis so far done (Papers I, II, and III; subsections 4.1 and 4.2 in Paper IV). These two spectra observed at slit positions A and B are recovered separately and we analyze these spectra A and B as if they are independent two spectra. Although S/N ratios of these spectra are reduced by about a factor of √ 2, these spectra can be used in the same way as in the binary test outlined in the previous subsection.
For this purpose, we select M dwarfs of various 12 C/ 13 C ratios and we choose GJ 876, 849, 212, and 526 as examples. These objects cover the 12 C/ 13 C ratios from the smallest to the largest and, for this reason, these objects are already used as representative cases in Fig.3 Table 4 for each spectrum observed at positions A and B.
The results for the case of GJ 876, which is the most 13 C rich in our sample, reveal that the resulting 12 C/ 13 C ratios are 37.7 and 31.4 for the spectra observed at A and B positions (hereafter be referred to as spectra A and B), respectively. Thus, the results for the spectra A and B agree rather well and this may be due to small differences in the features B and D which are most sensitive to the 12 C/ 13 C ratio (Fig. 5a ). On the other hand, the resulting 12 C/ 13 C ratios are 59.3 and 108.3 for the spectra A and B, respectively, in the case of GJ 849, and the difference of the 12 C/ 13 C ratios based on the spectra A and B is rather large. This may be due to a considerable difference of the feature D in the observed spectra A and B (Fig. 5b) . The S/N ratios for GJ 876 and 849 are not much different (see Table 3 ), but it appears that the effect of noise on the spectra is rather different and complicated. The resulting 12 C/ 13 C ratios are 106.9 and 139.7 for the spectra A and B, respectively, in the case of GJ 212. The difference of the 12 C/ 13 C ratio based on the spectra A and B is rather modest. In this case, the χ 2 r values indicates the 12 C/ 13 C ratios not very different, despite some differences in the spectra observed at positions A and B (Fig. 5c) . In fact, even if the difference of the observed and predicted spectra (i.e., f i obs − f i cal ) at a particular wavelength is disturbed by noise, the χ 2 r value is determined by including the contributions from other wavelength regions less disturbed by noise as well, and the effect of noise can be averaged in the resulting χ 2 r value. Finally, the resulting 12 C/ 13 C ratios for the spectra observed at A and B positions for GJ 526 are larger than 200 and 141.0, respectively. Here, the situation is quite similar to the binary pairs GJ 338A,B and GJ 725A,B discussed in subsection 4.2: Since the effect of 13 C 16 O lines on the spectrum is difficult to discriminate if 12 C/ 13 C > ∼ 200 it is difficult to determine 12 C/ 13 C ratio with the medium resolution we are using.
The results outlined above are summarized in Table 5 : For each object, the 12 C/ 13 C ratios based on the spectra observed at A and B positions are shown in second and third columns, respectively. The mean value of the 12 C/ 13 C ratios based on the spectra at A and B positions is given in fourth column, and the probable error is also estimated. The resulting probable errors appear to be not so large: about 10% in favorable cases (GJ 876, 212) and about 30% in a less favorable case (GJ 849). But uncertainty of as large as a factor of two must be accepted in the poor 13 C cases (e.g., GJ 526). The 12 C/ 13 C ratio based on the co-added spectrum is reproduced in fifth column from Table 3 . Although an error cannot be estimated from a single spectrum alone, the resulting 12 C/ 13 C ratio is roughly within the error bar estimated in the fourth column by using the spectra with S/N ratios reduced by a factor of √ 2. Thus, we may conclude that the accuracy of our results on the 12 C/ 13 C ratios can be acceptable, and at least better than 50%
7 except for the cases of the poor 13 C (e.g., 12 C/ 13 C > ∼ 200). Although our spectral resolution is not high enough to resolve the individual 13 C 16 O lines and the S/N ratios are not very high, the χ 2 r value reflects the integrated effect in the difference of observed and predicted spectra. For this reason, the χ 2 analysis can be a powerful tool for assessment of the goodness of the fitting.
---------
Discussion
The unweighted mean value of 48 M dwarfs including those with the lower limit of 200 is ( 12 C/ 13 C) dM > 127±41 (p.e.). If we exclude such a case for which only the lower limit of 200 is known, the unweighted mean value of 31 M dwarfs is ( 12 C/ 13 C) dM = 87 ± 21 (p.e.). This value agrees well with the value of the solar system, ( 12 C/ 13 C) SS = 89.9 (Anders & Grevesse 1989) . Also, the value of the solar photosphere based on the high resolution infrared solar spectrum is ( 12 C/ 13 C) Sun = 84 ± 5 (Harris et al. 1987) or ( 12 C/ 13 C) Sun = 80 ± 1 (Ayres et al. 2006) . Then the 12 C/ 13 C ratio of the solar photosphere as well as of the solar system is typical of the unevolved late-type dwarfs. However, the scatter of the 12 C/ 13 C ratios in Table 3 is rather large extending from 12 C/ 13 C = 39 to 12 C/ 13 C > 200 (also see Fig. 6a ).
The resulting 12 C/ 13 C values in Table 3 are rewritten as log 13 C/ 12 C in eighth column, and plotted against log A C in Fig. 6a , where log 13 C/ 12 C shows a large scatter without clear dependence on the metallicity. This result shows a marked contrast to the plot of log 16 O/ 12 C (= log A O /A C from eighth column of Table 1 ) against log A C , which shows a rather tight correlation with a higher ratio at the lower metallicity, as shown in Fig. 6b (reproduced from 7 By the way, the 12 C/ 13 C ratio of the binary system GJ 797B can be 104.5 ± 11.0 as a mean of those of its constituents GJ 797B-NE and 797B-SW discussed in subsection 4.2, and again the error of the resulting 12 C/ 13 C ratio can be estimated to be about 10%. Fig. 19 in Paper III). Such a contrast between Figs. 6a and 6b can be a natural consequence that 16 O and 12 C are the primary products in the stellar nuclear synthesis while 13 C is the secondary product, at least partly (e.g., Renzini & Voli 1981) . Thus the difference of the primary and secondary products in the actual distribution of the isotopes is clearly demonstrated for the first time.
The 12 C/ 13 C ratios of late-type dwarfs should reflect those of the ISM from which the stars are formed. For comparison, the 12 C/ 13 C ratio in the ISM have extensively been studied by the millimeter spectroscopy of giant molecular clouds. The initial results reviewed by Wannier (1980) show that there is no evidence for a 12 C/ 13 C gradient in the Galactic disk and the mean 12 C/ 13 C ratio is ( 12 C/ 13 C) ISM = 60 ± 8, except for the Galactic center source showing 12 C/ 13 C ≈ 20. However, later results reviewed by Wilson & Rood (1994) clearly indicated an increase of the 12 C/ 13 C ratio with the Galactocentric distance D GC : The 12 C/ 13 C ratio is ( 12 C/ 13 C) ISM ≈ 50 ± 8 at D GC ≈ 4 Kpc and ( 12 C/ 13 C) ISM ≈ 76 ± 7 at D GC ≈ 8.5 Kpc (near the Sun). More recently, the 12 C/ 13 C ratios in the local ISM (within about 1 Kpc of the Sun) have been determined from the optical spectroscopy of 13 CH + absorption lines towards early type stars (Casassus et al. 2005; Stahl et al. 2008 ) and a significant scatter of ( 12 C/ 13 C) ISM ≈ 44 -147 was found in the local ISM. Our result on the 12 C/ 13 C ratios in M dwarfs (Fig. 6a ) shows more or less similar pattern to those in the ISM outlined above. For example, the scatter of the 12 C/ 13 C ratio is quite large and extends from ≈ 40 to > 100 both in the ISM and in M dwarfs. Also, such a low ratio as below 40 is not found both in the ISM and in M dwarfs 8 . However, the results on the ISM are on the present ISM at the present locations while our results on M dwarfs may reflect the 12 C/ 13 C ratios of the ISM at various ages when M dwarfs were formed at different birthplaces. For this reason, interpretation of the 12 C/ 13 C ratios in M dwarfs should be more complicated than that in the ISM.
As to the origin of 13 C, it is generally thought that 13 C is formed from 12 C originally present in the star at the time of its formation, and hence 13 C is regarded as a typical secondary element. Then, 13 C can be produced in almost in all the stars in their hydrogen burning phase and will be dredged-up to the surface by the convective zone developed in the red giant phase (and eventually to ISM by stellar mass loss). However, the temperature at the base of the convective envelope after He shell flash can be high enough for CNO cycle reactions take place (hot bottom burning -HBB), and 12 C produced by the He burning can also be converted into 13 C. This 13 C is primary since it comes from the primary 12 C produced from He anew in the star (Renzini & Voli 1981) . For this reason, the origin of 13 C in the Galaxy is by no means well settled. The chemical evolution of 12 C/ 13 C in the Galaxy has been studied by assuming a mixed origin of primary [Vol. , and secondary (case A) or a purely secondary origin (case B) (Prantzos et al. 1996) . Their results show that the 12 C/ 13 C ratio decreases both in cases A and B during the evolution of the Galaxy, and case A appears to explain somewhat better the present-day 12 C/ 13 C ratio if it is ( 12 C/ 13 C) ISM ≈ 70 ± 10. Our result that the mean value of the 12 C/ 13 C ratios in M dwarfs is somewhat larger than that of the present ISM, especially if we consider our result that many M dwarfs show 12 C/ 13 C > 200, is well consistent with the decrease of 12 C/ 13 C ratios as a result of chemical evolution of the ISM outlined above. Our result shown in Fig.6 suggests that 13 C may be produced as the secondary product, at least partly, and since the secondary process depends on many factors including nuclear reactions, mixing, massloss, binarity etc in evolved stars, distribution of 12 C/ 13 C ratios in the ISM and hence in M dwarfs should be inhomogeneous. However, the mean 12 C/ 13 C ratio should decrease with time in the ISM and hence in M dwarfs, resulting in a larger mean 12 C/ 13 C ratio in M dwarfs than that in the present ISM.
The 12 C/ 13 C ratio in M dwarfs in Table 3 and shown in Fig. 6a should reflect the 12 C/ 13 C ratios of the ISM from which M dwarfs were formed, and the 12 C/ 13 C ratio of the ISM itself has been determined by the mass-loss from the stars of the previous generation. It is not possible to know the 12 C/ 13 C ratios of the stars of the previous generation, but we can study the 12 C/ 13 C ratios of similar stars that might have contributed to the 12 C/ 13 C ratios of M dwarf stars. For this purpose, the 12 C/ 13 C ratios in red giants, supergiants, and AGB stars that have been studied by many authors as noted in section 1 can be of some help. For example, if relatively large production of carbon in metal-rich era (Fig. 6b ) is due to ABG stars (e.g., Nomoto et al. 2013) , the 12 C/ 13 C ratios in unevolved stars as well as in the ISM may be related to those of AGB stars. However, it is not likely that the 12 C/ 13 C ratios observed in the present evolved stars can explain well the 12 C/ 13 C ratio observed in the present ISM as well as in M dwarfs. This should be because the 12 C/ 13 C ratio could be determined only from molecular spectra and the isotopic ratios of many other objects not showing molecular spectra remain unexplored. For this reason, our knowledge on the distribution of isotopes in the Universe is quite limited and imperfect. Unfortunately, this fact makes it difficult to understand observationally the origin of the carbon isotopes in M dwarfs as well as in the ISM.
Other sources of information on the isotopic composition in the Universe are primitive meteorites containing grains of silicon carbide, graphite, diamond etc. Direct analysis on these grains provides accurate isotopic compositions of celestial objects that have produced the grains, and it is no longer limited by the observability of molecular spectra. For example, 12 C/ 13 C ratio obtained from interstellar graphite shows a wide range from near the equilibrium value of the CN cycle to several thousands (e.g., Ott 1993; Amari et al. 1993) . Clearly, the dynamic range of the 12 C/ 13 C ratio in meteorite sample is much larger than in ISM and in M dwarfs. We hope that these results can be incorporated into our understanding on the chemical evolution of isotopes, although it may be by no means easy to identify the origin of each grain.
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Concluding remarks
We have tried to estimate the carbon isotopic ratio 12 C/ 13 C in M dwarfs based on the spectra of medium resolution (λ/∆ λ ≈ 20000). Although this resolution is certainly not sufficient to resolve faint 13 C 16 O lines from the stronger lines of 12 C 16 O and H 2 O, we find clear evidence for the 13 C 16 O feature in the spectra of M dwarfs for the first time (see Fig. 1 and Figs. 2a -l) . Then, determination of the 12 C/ 13 C ratios in M dwarfs is quite feasible especially if higher spectral resolution can be employed, and we hope that the isotopic analysis on low luminosity stars such as M dwarfs will be done more intensively as in high luminosity cool stars.
With our medium resolution, we determine a possible best value of 12 C/ 13 C in each M dwarf by comparing observed and predicted spectra, not by a direct inspection but by an application of the chi-square method. Although the direct comparisons (see show difficulties inherent to the spectra of insufficient resolution, the chi-square analysis works reasonably well (see Fig. 3 ). As a result, we determine 12 C/ 13 C ratios for 31 M dwarfs and a lower limit of 200 for 17 M dwarfs. From our preliminary survey, we may suggest that the 12 C/ 13 C ratios in M dwarfs are larger than about 40 and not likely to be so small as in some evolved high luminosity stars. Although the lower limit of the 12 C/ 13 C ratio is found to be 200 in many M dwarfs, this result is uncertain by a factor of two or so. Unfortunately, it is beyond the capability of our medium resolution spectra to analyze faint features due to very low abundance of 13 C. We hope that our result can be improved by the use of higher spectral resolutions in the near future.
The mean 12 C/ 13 C ratio in M dwarfs turns out to be larger than that of the ISM (section 5). While the 12 C/ 13 C ratio in the ISM provides the present 12 C/ 13 C ratio, that in M dwarfs reflects the carbon isotopic ratio in the past ISM. So far, the solar system, conserving the 12 C/ 13 C ratio of the ISM 4.5 Gyr ago, was used as a reference in investigating the time variation of the 12 C/ 13 C ratio in the ISM, but M dwarfs can in principle be used for the same purpose with numerous objects in a larger timespace domain. In fact, M dwarfs offer an unique possibility to determine the 12 C/ 13 C ratios in unevolved late-type dwarfs and should have important role to trace the evolution of carbon isotopes (and possibly other isotopes) in the Galaxy. For this reason, determination of isotopic abundances in M dwarfs should be the next major challenge when high resolution infrared spectroscopy will be ripe enough to be able to observe many faint objects not well observed so far. I thank T. Nakajima for recovering the spectra observed at slit positions A and B before co-adding and for helpful discussion on the evaluation of the S/N ratio. I also thank him and Y. Takeda for sharing the spectra of M dwarfs observed at Subaru IRCS.
I thank the anonymous referee for careful reading of the text and for critical comments especially on the accuracy of the analysis.
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Computations are carried out on common use data analysis computing system at the Astronomical Data Center, ADC, of the National Astronomical Observatory of Japan. Comparisons of the observed spectrum (filled circles) and predicted spectra for 12 C/ 13 C = 10, 25, 50, 100, and 200 (solid lines from bottom to top in this order) in each panel. The object identification, spectral type, and resulting 12 C/ 13 C value are indicated at the upper left corner for each object. Table 3 are plotted against log 12 C/ 13 C for GJ 876, 849, 212, and 526, as examples. A parabola is fitted to three data points (filled circles) near the possible minimum and minimized χ 2 r value is shown by an open circle for each object. However, the χ 2 r value for GJ 526 shows no minimum and continues to decrease until 12 C/ 13 C = 200. Then, we can determine only the lower limit of 12 C/ 13 C to be 200. Fig. 4 . The same as in Fig. 2 , but compare the results for binary pairs: a) GJ 338A and b) GJ 338B, c) GJ 725A and d) GJ 725B, and e) GJ 797B-NE and f) GJ 797B-SW. Other details in each panel are the same as in Fig. 2 . Table 3 are plotted against log A C . Arrows indicate upper limits. The case of the solar photosphere marked by ⊙ is a mean value by Harris et al. (1987) and by Ayres et al. (2006) . b) The values of log 16 O/ 12 C (= log A O /A C from Table 1) are plotted against log A C . The dashed line is a least square fit to the 46 data (equation 1 in subsection 2.2) excluding the solar data. Two cases for the solar photosphere by Anders & Grevesse (1989) and by Asplund et al. (2009) are shown by ⊙ attached 1 and 2, respectively. Table 3 . χ 2 r ( 12 C/ 13 C) for five values of 12 C/ 13 C, 12 C/ 13 C for the χ 2 r minimum, log 13 C/ 12 C and S/N ratio. 
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−1.91 * 12 C/ 13 C at which χ 2 r is minimum. † ( 12 C/ 13 C) Sun is the mean value of the solar photosphere by Harris et al. (1987) and by Ayres et al. (2006) . 141.0 * A and B after object name refer to the positons A and B on the slit and should not be confused with the binary componets. † 12 C/ 13 C at which χ 2 r is minimum. 
